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There is a great need to understand how and why biodiversity, which we define as the 
variety of organisms found in a given place, changes over time. Current estimates suggest 
strikingly slow change in traditional measures of biodiversity. These estimates seem to 
contradict rapid shifts in the abundance of individual species and have led to a rethinking of 
the mechanisms shaping biodiversity. Conceptual models emphasize the role of competition 
among species or, more recently, selection on species identity (i.e. selection that favors some 
species at the expense of others). However, it is difficult to quantify how these mechanisms 
contribute to biodiversity change. To illustrate this point we present cases where strong 
competition or selection on species identity leads to no biodiversity change. In view of this 
disconnect we develop a new approach to studying biodiversity change using the Price 
equation. We show that biodiversity change responds to selection on species’ rarity, rather 
than to either competition or selection on species identity. We then show how this insight can 
be used to quantify the effects of the mechanisms previously thought to influence 
biodiversity: 1) selection, 2) (ecological) drift, 3) immigration and 4) speciation. Our results 
suggest the connection between species’ fates and their rarity is fundamental to understanding 
biodiversity change.  




One of the fundamental goals of ecology is to understand how biodiversity changes 
over time (Tittensor et al. 2014). For our purposes, biodiversity is a summary of information 
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about the variety of organisms found within a community (Vellend et al. 2017). Familiar 
indices of biodiversity include species richness, Gini-Simpson’s diversity, and Shannon 
entropy (Hill 1973; Jost 2007; Magurran 2013). Anthropogenic environmental changes 
including climate change, habitat destruction, and biological invasions pose major threats to 
biodiversity (Tittensor et al. 2014), but empirical measurements of change in traditional 
biodiversity metrics suggest a surprising degree of stasis, even when some species’ 
abundances shift dramatically (Dornelas et al. 2014; McGill et al. 2015; Vellend et al. 2013). 
This disconnect has led to a rethinking of the mechanisms in community ecology that can 
cause biodiversity to change (Chase and Knight 2013; Hillebrand et al. 2018). 
Species interactions such as competition are thought to be a major driver of 
biodiversity change (MacArthur 1970; MacArthur 1972; Magurran 2013). For our purposes, 
species interactions occur when multiple species alter each other’s absolute finesses (i.e. their 
per capita growth rates) (Abrams 1987; Blanchet et al. 2020). Competition for example 
occurs when multiple species decrease each other’s per capita growth rates (Chase and 
Leibold 2003; Tilman 1980; Tilman and Wedin 1991). However, biodiversity—a summary of 
information about the variety of organisms found within a community—can be surprisingly 
insensitive to species interactions. Consider, for example, a community that consisted of 1 
moose for every 2 squirrels 100 years ago (Figure 1 A). Competition for resources then leads 
to a drop in the squirrel population density so that the present community now consists of 2 
moose for every 1 squirrel. Despite this competition biodiversity indices are unchanged: 
Simpsons remains 5/9, Shannon Diversity remains 0.637, species richness remains 2.  
To understand how biodiversity changes over time, there are alternatives to traditional 
analyses of species interactions. For example, diversity change might depend on species’ 
relative finesses (i.e. the frequency of descendants produced by each species). In view of this, 
many recent works discuss “selection” among species, i.e. change in species frequency due to 
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differences in relative fitness. This use of the term “selection” emphasizes the distinction 
between absolute fitness and relative fitness. Analyses of selection are designed to study 
relative fitness (Rice 2004), while traditional measurements of species interactions produce a 
misleading picture of relative finesses (Abrams 1987), because these interactions inherently 
affect per-capita growth rates. Using the term selection in this way grounds analyses of 
biodiversity change in decades of work applying the notion of selection to the fates groups of 
organisms above the level of genotype, including species (Ayala and Campbell 1974; Barton 
and Servedio 2015; Day 2005; Jablonski 2008; Johnson and Stinchcombe 2007; MacArthur 
1970; Norberg et al. 2012; Nowak 2006; Price 1970; Price 1995; Rabosky and McCune 2010; 
Rankin et al. 2015; Traulsen and Nowak 2006; Vellend 2010; Vellend 2016).  
In particular, change in biodiversity may result from selection on species identity, the 
tendency of individuals belonging to some species to contribute more descendants than 
individuals belonging other species (Figure 1 A), averaged over many replicates to remove 
effects of chance (Jia et al. 2018; Perring et al. 2016; Purves and Turnbull 2010; Rosindell et 
al. 2011; Rosindell et al. 2012; Sherwin et al. 2017; Vellend 2010). The problems we 
illustrate with analyses of competition in Figure 1 apply to selection on species identity. This 
figure shows selection on species identity (i.e. individual moose contribute more descendants 
than do squirrels; Figure 1 A). But there is no biodiversity change.  
We will argue that selection (among species) is the right lens to study biodiversity 
change, but only after we bridge a gap between two concepts: species identity and species’ 
rarity. Diversity indices are designed to be indifferent to information on species identity. 
Thus, when studying diversity, it matters that 1/3 individuals belong to one species, but it 
does not matter whether that species is a moose or a squirrel (Figure 1 B). Instead, diversity 
indices are designed to measure the “rarity” of species, averaged across a community (Hill 
1973; Jost 2007; Patil and Taillie 1982). There is some latitude on how the term rarity should 
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be interpreted. Rarity is always a function of species relative abundance (i.e. frequency), such 
that infrequent species are rarer than frequent ones. However, some measures of rarity 
heavily emphasize infrequent species (the definition used when studying species richness). 
Other measures of rarity place more emphasis on frequent species, such as Simpson’s 
diversity (Jost 2006; Jost 2007). This information on how diversity is measured is obscured 
when we study selection on species identity. One way to better understand diversity change is 
to consider selection’s effects on rarity explicitly.  
Information on rarity can be incorporated in a more general definition of selection: the 
association between fitness of each type of organism and the measurement studied (Lehtonen 
2018; Price 1970; Price 1972; Queller 2017; Rice 2004). Here fitness is a measure of 
frequency of descendants produced by each type of organism (which in turn depends on 
births and deaths for that species). Measurements represent an attribute of each type of 
organism which can be quantified (Frank 2012b; Price 1995). This interpretation of selection 
is used in many branches of evolutionary theory, notably quantitative genetics (Lande 1979; 
Lande and Arnold 1983) and its generalization, the Price equation  (Price 1970; Queller 2017; 
Rice 2004). Ecologists have used this interpretation to study several attributes of ecological 
communities including body size, crop yield, and disease resistance (Collins and Gardner 
2009; Genung et al. 2011; Govaert et al. 2016; Norberg et al. 2012). This interpretation of 
selection has also been used to study how the productivity of a community changes when 
biodiversity has been manipulated (Loreau and Hector 2001), but ecologists have not yet used 
this approach to study how biodiversity itself changes. 
When the Price equation is used to partition biodiversity change under simplified 
conditions, two mechanisms emerge as fundamental. One mechanism is selection on rarity, 
which describes the fitness advantages of individuals belonging to rare species, although this 
does not preclude the possibility for selection on other traits. The other mechanism is rarity 
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changes (more precisely, a weighted average of the changes in species’ rarities between past 
and present). Rarity changes represent a special case of the mechanism in evolutionary theory 
known as “transmission bias”, which describes how the measurements associated with each 
type of organism change over time (Frank 2012a; Frank 2012b). Using this insight, we show 
that the interplay between these two mechanisms explains why strong selection sometimes 
leads to zero biodiversity change. We then use simulations and empirical datasets to show 
how, under more ecologically relevant conditions, the effects of (ecological) drift, 
immigration, and speciation can be quantified with extensions of the Price equation. 
Together, these results show that change in biodiversity is linked to species rarity and that 
tools from evolutionary theory provide a natural framework to capture this dependency.  
The model 
 
Selection and biodiversity change 
 
A natural way to develop intuition about evolution is to track the individual 
organisms’ contributions to change in the variable of interest (Frank 2012b; Kerr and 
Godfrey Smith 2009). But what is an individual’s contribution to diversity? The usual way 
to express diversity indices focuses on the contributions of species, not the contributions of 
individuals. For example, consider the Shannon Weiner diversity index: 
(1)    ∑  log     
Where    is the frequency of species i (the number of individuals belonging to species 
divided by the total number of individuals in the community). This quantity is also called 
relative abundance or proportional abundance. In turn, species’ i contribution to diversity 
( log  ) cleaves into two distinct parts. One component is the weighting factor    
which leads to species with more individuals contributing more to D. The other component is 
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an individual’s contribution (log  ) to D. This component is one way to measure the 
rarity of each individual in the community. In evolutionary biology, an individual’s 
contribution to D would be called a trait (Conner and Hartl 2004; Frank 2012b; Lande 1979; 
Lande and Arnold 1983). The weighting factor    and the individual’s contributions 
log   to D serve different roles in Shannon Weiner entropy, but this fact is obscured 
because one measurement is a function of the other.  
The distinction between individuals’ contributions and a weighting factor is used to 
interpret Shannon Weiner in other disciplines (Cover and Thomas 2012; Frank 2012c). We 
present this interpretation here, but readers already convinced by the distinction may skip this 
paragraph. Shannon Weiner entropy is interpreted as the average number of yes/no questions 
(or bits) needed to efficiently identify the category to which an individual observation 
belongs. In terms more familiar to an ecologist, this is the average number of couplets in an 
efficient dichotomous key needed to identify an individual to species (Jost 2006; Jost 2007). 
The number of questions needed to identify an individual with frequency    is calculated by 
computing log . Note the choice to compute logarithms in base 2, which highlights 
the connection to bits.  For example, when an individual belongs to a community of two 
species where ½ of the individuals belong to species A, we can ask a single question to 
distinguish A from B corresponding to log  =1. When an individual belongs to a 
community where ¼ of individuals belong to each of four species A, B, C, D, then we can 
use two questions to efficiently identify an individual. For an individual belonging to A, the 
first question could be “is this individual a member of species A or B” with the next question 
being: “is this individual a member of species A”. These two questions correspond to 
log  =2. The interpretation of Shannon Weiner as a measure of the number of questions 
needed to identify individuals is possible because we distinguish unique contributions that 
log   and    play. Some introductions to the concept of Shannon Wiener entropy go so 
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far as to physically represent the number of questions we ask about an individual, see for 
example (Kahn Academy Labs 2014), which represents the number of questions asked about 
an individual as the number “bounces” a ball makes on pegs arranged to form a pachinko 
machine. Ironically, the pachinko machine will be familiar to some readers from long running 
CBS program “The Price is Right”.  This video then uses equations to compute the frequency 
of different types of balls to compute overall entropy, reinforcing the distinct roles that 
log   and    play in calculations of Shannon Wiener entropy.   
Other diversity indices cleave into an individual’s rarity and a weighting factor (Hill 
1973; Patil and Taillie 1982): 
(2)    ∑     . 
Examples are listed in (Table 1) including species richness, Simpson’s diversity and Gini-
Simpson diversity. Additional diversity measures are functions of Equation 2, notably the 
diversity of an equivalent number of uniformly distributed species i.e., Hill numbers (Hill 
1973, Jost 2007). 
The distinction between frequency and rarity has been made in the ecological 
literature, but it is less prominent. For example, in a synthesis of disparate diversity indices, 
Hill (1973) emphasizes the distinct role that frequency plays by labelling frequency    when 
it is used to compute rarity, then relabelling frequency   when it is used as a weighting 
factor. Similarly, Patil and Taillie (1982) emphasize the distinction between species i’s 
frequency (which they denote  ) and its rarity (which they denote ,  ). These authors 
take for granted that frequency and rarity are distinct concepts making unique contributions 
to diversity indices.  
Diversity change is the difference between D in one time step and D in a subsequent 
time step:  
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(3) ∆   ∑        ∑      . 
The past frequency of species i is   and the present frequency is   . Similarly, past 
measurement of rarity is    and present measurement of rarity is   . The difference is denoted 
∆. Diversity reaches a maximum when all species are equally rare, then tends to decrease as 
species frequencies become less even. This definition of diversity change works over any 
timescale. By the same token, the definitions of selection and other mechanisms work over 
any timescale, although the importance of each mechanism can vary across timescales (Frank 
2012a).  
We propose that change in D can should be partitioned using the Price equation from 
evolutionary theory (Price 1970). To our knowledge the equation has not been applied to 
diversity indices, but it is used to partition many other averages that take the form of 
Equation 2 (Frank 2012b). In a community that is “closed” so that all individuals in the 
present community are descended from individuals of the past community. Equation 2 can be 
re-arranged into:  











For a proof, see derivation of Equation 1 in Frank (2012b). Note that this division into two 
terms recapitulates the distinction between frequency change and rarity change. The first term 
measures the consequences of changes in species’ frequencies (∆       . The second 
term describes consequences of changes in rarity ∆        averaged across species.  
In models, the first term of Equation 4 is typically interpreted as the result of selection 
(Price 1970). In nature, however, species frequencies change because of two interlinked 
causes: differences in the fitness of each species (i.e., selection) and sampling variation in the 
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number of descendants produced by each species (i.e., drift). Both processes increase D when 
individuals belonging to rare species produce more offspring than individuals belonging to 
common species, and both processes decrease D when individuals belonging. As a result, it is 
easy to measure the joint effects of drift and selection, but it is difficult to tease apart their 
individual contributions Rice (2004). Over numerous replicated experiments, drift could be 
identified, in principle, as cases in which all species have the same fitness, averaged across 
many replicates and regardless of their frequency (see Engen and Sæther (2014) for a 
mathematical distinction). 
Selection and drift act on species’ rarity in the past, and there is no guarantee that 
rarity will remain constant over time. This complication is captured by the second term in 
Equation 4, rarity changes. This term is large when a species’ rarity in the past differs from 
its rarity score in the present (Figure 1 D). This change in rarity explains why strong selection 
can lead to zero change in biodiversity. In the example in our introduction, selection favoured 
moose so strongly that moose and squirrel exchange rarity scores (Figure 1 D). Because these 
effects cancel out precisely, there is no net change. Species richness (one of the most 
common measures of diversity) is particularly sensitive to this problem. The species richness 
index defines rarity as 1  ⁄  (Hill 1973; Jost 2006; Jost 2007). Substituting this definition into 
Equation 2, rarity changes precisely counterbalances selection, so long as all species that 
occurred in the past leave descendants (Appendix S1.1). However, when strong selection 
causes species to exchange frequencies as in our example (Figure 1 A), there will be no net 
change in diversity regardless of the index used (Appendix S1.2).  
It is worth pausing here for a moment to think about why rarity changes must be 
considered when describing change in biodiversity. Selection changes species frequencies 
between the past and the present. Selection in the past acted on species’ rarity in the past. 
Selection in the past did not act on species’ rarity in the present (selection is powerful, but not 
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psychic). In contrast, biodiversity change depends on the present rarity of each species. Thus, 
there is a gap between the attributes upon which selection can act (i.e., species’ rarity in the 
past) and biodiversity change (which depends on species’ rarity in the present). What 
Equation 4 shows is that rarity changes fill this gap. 
 
Partitioning biodiversity changes into multiple mechanisms 
 
The derivation in the previous section assumes that all individuals in the present 
community descended from past community members. To allow for the arrival of new 
individuals we use the extended Price equation (Frank 2012b; Kerr and Godfrey Smith 
2009; Rice 2004). Selection and drift measure the number of descendants produced by each 
species. As a result, it is necessary to distinguish members of the present community that 
descend from the past community (with frequency ), and new arrivals. To facilitate 
comparisons with Vellend (2016), we further divide new arrivals into two categories 
immigrants (with frequency ), and individuals belonging to new species (with frequency ). 
Following the arguments laid out in Vellend (2016), we assume that all individuals belong to 
one of these three categories such that       1. Diversity in the present community 
can be expressed as:  
(5)      ∑        ∑     ∑ !# . 
In Equation (5) diversity is divided into the contributions of individuals that are descendants’ 
immigrants and members of new species. Each individual will belong to only one category, 
but a single species may include some individuals that are immigrants and some individuals 
that are descendants of the past community.    now represents the frequency of species i 
among descendants, and    is the frequency of immigrants that belong to species j among all 
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immigrants. ! is the frequency of individuals that belong to new species k among all 
individuals belonging to new species. The rarity of the ith descendant species is   , the rarity 
of the jth immigrant species is , and the rarity of the kth new species is #. When a species 
includes descendants and immigrants  =.   
Change in diversity can be partitioned with the extended Price equation (Kerr and 
Godfrey-Smith 2009). We use a derivation of this extension of the Price equation presented 
on pages 1014-105 of Frank (2012b), but we make one minor modification: new arrivals are 
divided into two categories, immigrants and new species. This leaves us with:  




 ∑    ∑     "#####$#####%
   
 ∑ !#  ∑     "######$######%
  





The selection + drift term is analogous to the selection term in Equation 4—it still describes 
the difference between the frequency of individuals in species i in the past and the frequency 
of the descendants associated with species i in the present (∆ ). The effects of immigration 
depend on the proportion of individuals in the present community that are immigrants (), 
and the difference between the average rarity of immigrants in the present and the diversity of 
the past community. Similarly, the effects of speciation depend on the proportion of 
individuals that belong to new species (), the difference between the average rarity of new 
species in the present, and the average rarity of the past community. Essentially, we treat 
species identity in the way described by Vellend (2010): “Species identity is a categorical 
phenotype assumed to have perfect heritability, except when speciation occurs, after which 
new species identities are assigned.” With the extended Price equation, a natural way to 
assign new identities is to treat members of new species as new arrivals to the community. 
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The arrival of new species via immigration and speciation can indirectly increase the 
rarity of descendant species. This form of rarity change concerns the proportion of the 
community whose ancestors were present in the community in the past time step (). Change 
in species i's rarity depends on the proportion of descendants belonging to species i ( ), and 
the change in the rarity of species i (∆ ). 
 
Empirical partitioning of biodiversity change 
 
Our approach can be applied to partition empirical measurements of change in 
diversity. For example, (Remus-Emsermann et al. 2018) measured the frequency of two 
bacterial species (Escherichia coli and Pantoea eucalypti) on leaves of mouse ear cress 
(Arabidopsis thaliana). Leaves were inoculated to produce a population density of 2.5×106 
colony forming units of E. coli and 4.95×106 colony forming units of P. eucalypti per 1 gram 
of tissue of A. thaliana (fresh weight). The population density was subsequently measured by 
assaying the number of colony forming units at 1, 3, and 7 days post-infection. The 
experiment was established to assay the frequency with which E. coli obtain plasmids from P. 
eucalypti via conjugation, but conjugation events were not observed in this treatment and so 
are not considered here (Remus-Emsermann et al. 2018). No speciation was observed, and 
the experimental protocol was designed to exclude immigration. Due to the large population 
sizes in this experiment, we expect selection to contribute to biodiversity change far more 
than drift. Figure 2 partitions the resulting diversity change. Initially diversity changes 
dramatically, indicating both selection against the rarer species (E. coli) and changes in rarity 
scores notably – P. eucalypti is far more common at the end of day 1 than it was at day 0. 
Later sampling intervals show modest selection and far weaker changes in rarity.   
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When used in multispecies communities, our approach can help to identify and 
interpret gaps between selection on species identity and diversity change. For example, 
Sirianni (2018) tracked the abundance of water fleas (Cladocerans) that inhabit a rock pool on 
Appledore Island in the Gulf of Maine in the United States for 13 weeks over the summer of 
2013. Generation times of many species within this community are short (Sirianni 2018), 
resulting in substantial fluctuations in biodiversity over the course of the summer. For 
example, individuals of the common species B. rubens can reproduce in as little as 1-2 days 
after birth in a lab environment (Morales-Ventura et al. 2018). Each week, Sirianni (2018) 
sampled 250 mL of a rock pool that averaged 250 L, and counted the zooplankton present in 
the sample to estimate density/L of each zooplankton species. Due to the large size of the 
communities, we expect selection to contribute to biodiversity change far more than drift, 
particularly for the abundant species (described below).   
Although species frequencies fluctuated rapidly over the course of the summer, only 
some fluctuations substantially changed diversity. For example, there was a modest increase 
in diversity between weeks four and five (Figure 3 grey band), and a sharper decrease in 
diversity between weeks ten and eleven. This change is superficially puzzling since both 
periods show strong selection on species identity (Figure 3 B), notably selection in favor of 
Brachionus rubens (Figure 3 B Green).  
The interplay of selection on rarity and changes in rarity better accounts for the 
change in diversity (Figure 3 C). Between weeks four and five, selection disfavored rare 
species, which strongly decreased diversity (dark grey). However, this effect was opposed by 
changes in species’ rarity (Figure 3 C yellow). Rare species became common (Brachionus 
rubens), and common species became rare (Moina macrocopa). In contrast, between weeks 
ten and eleven, all rare species became rarer while the most common species (Brachionus 
rubens) became vastly more common. As a result, both selection and rarity changes 
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decreased diversity, leading to a large net decrease in diversity between weeks ten and eleven 
as opposed to the modest increase between weeks four and five. The arrival of new species 
increased diversity slightly throughout the sampling period (Figure 3 C red). 
 
Simulated changes including multiple mechanisms 
 
 
Though the empirical examples above show how selection on rarity and other mechanisms 
can be measured, they offer limited opportunities to contrast our approach with others. To 
compare our models with existing analyses of selection and species interactions, we use 
simulations [see Online Appendix S2 for R scripts (R_Core_Team)]. All scripts were initially 
based on examples provided by (MacDonald and Vellend 2016). Though most of these 
examples have been heavily modified. The majority of the simulations consider competition 
based on the Ricker model (Luís et al. 2011; Otto and Day 2007; Ricker 1954). A model 
related to Lotka-Volterra competition but in discrete time and hence easier to compare to 
Equations 4 and 6:  
 (7a)  N1’=N1 exp(r1-a11N1 -a12N2+ε) 
(7b)  N2’=N2 exp(r2-a22N2 –a21N1+ε) 
Ni denotes the number of individuals of species i in the previous generation and Ni’ denotes 
the number of individuals in the current generation. Ni’ depends on the number of individuals 
of that species at time t multiplied by a term describing population growth. The ri parameters 
describe the intrinsic growth rates of species i. The aij terms describe how interacting with 
species j decreases the growth rate of species i. These terms represent interspecific 
interactions when i and j differ and intraspecific interactions when i and j are the same. We 
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have included stochasticity in only our model of drift by adding a noise term ε that is 
normally distributed with a mean of 0 and a standard deviation of 0.02. This is a model of 
absolute fitness (i.e. change species’ abundances). Data on absolute fitness can in turn be 
used to compute change in species’ frequencies (Mallet 2012), which is used, in turn, to 
derive the terms in Equation 4. In addition, we compute the effects of selection or drift on 
species identity (Appendix S1.3 for details).  
Equation 7 results in cases where some species thrive in the face of competition. This 
results in individuals belonging to one species producing more descendants than individuals 
belonging to other species (i.e. selection among species). This is easiest to illustrate in 
discrete models where ε=0. One scenario is frequency-independent selection in favor of 
species 1. This occurs when individuals belonging to species 1 invariably produce more 
descendants. To simulate this, we this set species 1’s intrinsic growth rate to be higher than 
species 2’s and set all competition coefficients are equal (scenario 1: a11= a22=a12=a21=0.001, 
r1=0.6, r2=0.3). Another possibility is frequency-dependent selection where individuals of a 
given species have an advantage when that species is rare. To simulate this we set 
interspecific competition coefficients to be less than intraspecific competition coefficients 
(Scenario 2: a12=a21=0.01, a11= a22=0.001r1=0.6, r2=0.3; Mallet 2012).  
Drift occurs when neither species has an advantage and there are stochastic 
fluctuations in species frequency (i.e. where ε>0). To simulate drift (scenario 3), we set the 
intrinsic growth rates of the two species to be equal (r1=0.3, r2=0.3) and set all competition 
coefficients to be equal (a11= a22=a12=a21=0.001;  Adler et al. 2007).  
To consider the consequences of immigration into a patch (scenario 4), we modelled 
dispersal among a metacommunity of three patches (labelled L=1,2,3). To do this, we divided 
the life cycle of each species into two stages. The first stage represents local population 
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growth in a patch using equations Equation 7a and 7b (with an added index to indicate patch 
number). In this simulation interspecific competition was weaker than intraspecific 
competition (a12=a21=0.01, a11= a22=0.001). Species 1 had a lower intrinsic growth rate than 
species 2 in patch 1 and a higher growth rate than species 2 in patch 3. In patch 2, intrinsic 
growth rates were the same for both species (r11=0.3, r21=0.9, r12=0.6, r22=0.6, r13=0.9, 
r23=0.3). The density of species i after local population growth is denoted NiL
*.  The second 
stage describe dispersal among patches (Hedrick 2011): 
(8a) N1,L’= m(Σk N1,L
*)/3+ (1-m)N1,L
* 
(8b) N2,L’= m(Σk N2,L
*)/3+ (1-m) N1,L
* . 
In this community, a proportion m=0.05 of individuals joined a regional species pool. 
An equal proportion (1/3) of these individuals moved to each patch from the regional species 
pool. A proportion (1-m) of individuals remain in their birth patch (i.e., they do not 
immigrate). [see Online Appendix S2 for R scripts (R_Core_Team)]. All scripts were initially 
based on examples provided by (MacDonald and Vellend 2016). Though most of these 
examples have been heavily modified. 
Lastly, we examined speciation (scenario 5) with a variant of Hubbell (2001)’s neutral 
model where biodiversity is governed by drift and speciation. This model is not based on the 
Ricker equation but instead consists of a fixed metacommunity of j individuals. At each time 
step, individuals die with some probability. They are replaced by the descendants of another 
individual selected at random from other individuals in the community (representing drift) or 
by a new species (representing speciation).  
In closed communities, biodiversity change is tightly linked to selection on rarity and 
change in rarity. In a simulation with frequency independent selection (scenario 1), the 
favored species (species 1 in green, Figure 4 A) is initially rarer than the other species 
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(species 2 in purple, Figure 4 A). However, by the end of the simulation, species 1 is far more 
common. As a result, biodiversity initially increases and then declines (Figure 4 B; blue). 
Selection on species identity is always positive, such that it fails to reproduce this pattern in 
diversity change (Figure 4 B; yellow). In contrast, selection on species rarity (Figure 4 C; 
yellow) closely matches biodiversity change, with a small discrepancy because of rarity 
changes (Figure 4 C; grey). A simulation of negative frequency-dependent selection (scenario 
2) leads to coexistence between two species (Figure 4 D). Change in biodiversity is positive 
throughout the simulation (Figure 4 E; blue), but peaks sooner than selection on species 
identity (Figure 4 E; yellow). In contrast, selection on rarity (Figure 4 F; yellow) closely 
tracks biodiversity change (Figure 4 F; blue) with a small discrepancy because of rarity 
changes (Figure 4 F; grey). Under a simulation of drift (scenario 3; Figure 4 G), the 
frequency of species 1 changes in a manner analogous to selection on species identity (Figure 
4 H), but selection on species identity for species 1 (Figure 4 H; yellow) is far larger than 
biodiversity change (Figure 4 H; blue). In this simulation, biodiversity change is equal to the 
combined effects of drift and rarity changes (Figure 4 I). 
In open communities, total biodiversity change can be parsed into mechanisms that 
act on rarity. In a community with immigration (scenario 4), immigrants disproportionately 
belong to species 1, such that the frequency of species 1 increases despite selection that 
favors species 2 (Figure 5 A). Over the course of the simulation, biodiversity declines, though 
this decline slows over time (Figure 5 B). This overall change in biodiversity can be 
decomposed into a positive effect of immigration. This effect results from the arrival of many 
individuals of species 1, which is locally rare (Figure 5 C; red dashed line). This effect is 
offset by selection (Figure 5 C; yellow line) and rarity changes (Figure 5 C; grey line), which 
decrease biodiversity. In our speciation simulation (scenario 5), species frequencies are more 
dynamic (Figure 5 D). Over time, change in biodiversity fluctuates around 0 (Figure 5 E). 
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This change roughly parallels drift on species rarity (Figure 5 F; yellow). Speciation increases 
biodiversity (Figure 5 F; brown dashed line), an effect that is balanced by rarity changes 




Traditional estimates of biodiversity change are low, yet anthropogenic environmental 
changes seem to pose major threats to biodiversity (Tittensor et al. 2014). This disconnect has 
generated interest in documenting the mechanisms that shape biodiversity change (Chase and 
Knight 2013; Hillebrand et al. 2018). Using tools from evolutionary theory, we demonstrate 
that biodiversity changes in response to mechanisms that act on species’ rarity, and that there 
is no simple relationship between biodiversity change mechanisms that have traditionally 
interested ecologists such as competition or selection on species identity. This suggests that 
biodiversity change can be better understood by quantifying the consequences of mechanisms 
acting on species rarity. We illustrate this can be done using experiments (Figure 2), field 
surveys (Figure 3), and simulations (Figure 4, Figure 5).  
A major implication of our finding is that changes in rarity often obscure selection’s 
effects on diversity. Species richness is particularly prone to this problem, with rarity changes 
counterbalancing extremely strong selection (Figure 1). This result is consistent with previous 
observations that large changes in species frequencies (for example, due to species’ turnover) 
can lead to surprisingly small changes in species’ richness (Hillebrand et al. 2018). We show 
that this problem is more general than previously thought, by showing examples where large 
changes in species’ frequencies lead to no change in diversity indices. We also illustrate an 
empirical example of this problem (Figure 3) where strong selection on identity leads to 
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negligible biodiversity change. We then illustrate how our analysis resolves this gap by 
distinguishing the opposing effects of selection on rarity and rarity changes. 
While our approach makes substantial progress towards partitioning sources of 
biodiversity change, we are unable to distinguish between selection and drift fully. Both 
processes can produce the same number of descendants for each ancestor (Figure 1 A), which 
are the relevant quantities tracked by the Price equation. As a result, in our framework, the 
contributions of drift and selection are considered jointly because additional information is 
needed to disentangle their effects (Rice 2004). Pure drift occurs when variation in the 
number of descendants is due to entirely random variation in the number of descendants 
produced by each type. In contrast, pure selection occurs when all variation in the number of 
descendants is explained by rarity. In ecology there is no guarantee that selection acts entirely 
in the absence of drift or vice versa. As with existing analyses of community data, null 
models can be used to test if the observed patterns are consistent with pure drift (Hillebrand 
et al. 2018). 
Change in the frequency of different types of organisms is fundamental to how 
selection is formally defined in evolutionary theory (Frank 2012b; Queller 2017; Rice 2004). 
As a result, formal links between diversity and selection require a way to separate frequency 
from other facets of diversity. Fortunately, diversity indices cleave into two components: the 
frequency of individuals belonging to a species, and each individual’s rarity score, as 
formalized by (Shannon 1948), and described in (Hill 1973; Jost 2007; Patil and Taillie 
1982). Though this split is fundamental to how diversity indices have been derived and 
interpreted, it is counterintuitive because an individual’s rarity score is a function of species 
frequency.  
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Our presentation emphasizes the (mathematically valid) distinction between 
frequency and rarity. This distinction is admittedly subtle because frequency is a function of 
rarity. For readers who are sceptical of this distinction our results will be of interest because 
they suggest that diversity change cannot be formally analysed using selection. In 
evolutionary theory, selection separates frequency change from other sources of change 
(Frank 2012b). Diversity indexes are functions of frequency and no other variable. If a 
species’ contribution to diversity cannot be separated into frequency and other components, 
then the notion of selection cannot be applied rigorously to diversity indexes. Moreover, our 
work shows that the split between frequency and rarity leads to a mathematically exact 
partitioning of diversity change, such that the difference in diversity between two sampling 
periods is exactly equal to the contributions of each of the mechanisms in Equation 6. As 
such, any method leading to a different answer is likely to lead to paradoxes such as the cases 
we illustrate (see Figure 1), where selection on individual identity leads to no diversity 
change, or inaccuracies (see Figure 4 B), where diversity change peaks before selection on 
individual identity.  
For readers willing to accept the distinction between frequency and rarity our 
approach leads to new tools to study diversity change. We have used Figure 1 to illustrate 
how our approach can lead to a better understanding of when selection will increase diversity 
and when it will not. We have shown why selection on species identity is a misleading guide 
to diversity change in some circumstances (Figure 2,3). This was possible because with our 
approach, the effects of selection can be quantified from empirical data as can other 
mechanisms shaping ecological communities. We hope that these advantages will persuade 
readers to tentatively embrace the split between frequency and rarity. 
Selection on rarity captures consequences of many other processes, including both 
frequency-dependent and frequency-independent selection. This point is emphasized in 
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Figure 4 A-F where two different scenarios are analysed. In both classes total change is 
partitioned exactly into selection on rarity and rarity change (Figure 4 C, F). This means that 
once we understand selection on rarity and transmission bias, we have completely described 
biodiversity change. But in one scenario selection on rarity is a consequence of frequency-
independent selection (Figure 4 A) and in the other selection on rarity is and consequence of 
frequency-dependent selection (Figure 4 D). 
Recent works have pointed out a seeming disconnect between mechanisms that shape 
community ecology and biodiversity change (Vellend et al. 2013, Dornelas et al. 2014, 
McGill et al. 2015). Existing solutions focus on alternative summaries of change in 
ecological communities, such as quantifying changes in species turnover between the past 
and present (Hillebrand et al. 2018). These measures, however, do not clarify how 
biodiversity itself changes. We believe that more insights can be gained by formally 
partitioning biodiversity change with the Price equation. In particular, we hypothesize that 
rarity change frequently opposes the effects of other mechanisms, leading to slower diversity 
change in nature than would be expected by studying species’ dynamics alone. This effect 
emerges in several of our examples (Figure 1,3) and is nearly inevitable for the species 
richness diversity index (Online Appendix S1). These rarity changes are easily missed 
without a formal partitioning scheme such as the extended Price equation (Equation 6). How 
frequently rarity changes obscure the effects of other mechanisms in nature remains an open 
question in ecology. Understanding the importance of this effect will help to clarify when 
substantial biodiversity change will be observed. 
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Figure 1: A) Selection on species identity results in each ancestral moose producing 2 
descendants while each squirrel produces (on average) ½ a descendant and B) results in no 
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diversity change. In this example, the size of each individual is scaled to its Shannon rarity 
scores: Moose past and Squirrel present  &'( )1
3
*   1.1; Moose present and Squirrel 
past &'( )2
3
*   0.4. Shannon Diversity is the average of these rarity scores weighted by 






0.4 . 0.63. 









0.4 . 0.63. C) The lack 
of diversity change can be understood by focusing on the mechanisms that contribute to the 
changes in rarity scores. C) Selection acts in favour of the rare species (i.e., moose). All else 
being equal, this should increase the community’s average rarity and hence diversity. D) 
However, the effect of selection is opposed by changes in each species’ rarity scores. Moose 
were rare in the past, but their descendants are more common. Squirrels were common in the 
past, but their descendants are rarer. It is the balance between selection’s effects on rarity and 
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Figure 2. A) Mechanisms changing biodiversity in an experiment concerning two species of 
bacteria (P. ecalypti, purple; E. coli, green). Leaves of A. thaliana were inoculated with both 
species and the frequency of each species was measured at days 0, 1, 3, and 7, resulting in 
three sampling intervals during which we can measure change in biodiversity (0-1, 1-3 and 3-
7 days post-inoculation). Over this time, the proportion of E. coli decreased, suggesting 
strong selection against this species. Since the species that was initially rarer (E. coli) 
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decreased in frequency, Shannon-Wiener diversity decreases as well. Using Equation 4 total 
change in diversity partitions into the effect of selection on rarity (yellow) plus changes in 
rarity (grey shaded region). Change is rapid in the first sampling period resulting in 
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Figure 3. Shannon Wiener diversity change in species inhabiting a rock pool in Appledore 
Island. A) Over the course of 13 weeks, diversity changed gradually, with a sudden dip 
between weeks 10 and 11. The grey bars denote two sampling intervals discussed in the main 
text. B) Fluctuations of the frequencies of all species (black) with one abundant species 
highlighted (B. rubens, green). C) Partitioning of biodiversity change into contributions of 
selection or drift (dark grey), rarity changes (tan), and the arrival of new taxa (red), which in 
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Figure 4. Comparison of selection and biodiversity change. A) Under frequency-independent 
selection, the frequency of species 1 (green) increases at the expense of species 2 (purple). B) 
Selection on species identity (See Online appendix S1.3) is always positive, indicating that 
species 1 is always fitter than species 2 (yellow). In contrast Shannon Wiener diversity 
increases when species 1 is rare then decreases when species 1 is common (blue). C) 
Selection on rarity (yellow; measured using Equation 4) shows the same trend as biodiversity 
change (blue), increasing when species 1 is rare and decreasing when species 1 is common. 
Rarity changes (grey; measured using Equation 4) accounts for the discrepancy between 
selection and biodiversity change. D) Frequencies of two species under negative frequency-
dependent selection leading to coexistence (scenario 2). E) In this case, biodiversity change 
(blue) peaks a few years/generations before selection on species identity (yellow). F) 
Selection on species rarity (yellow) plus rarity changes (grey) exactly accounts for 
biodiversity change (blue). G) The frequencies of both species change due to drift (scenario 
3). H) In this case, biodiversity (blue) changes little because both species have similar rarity 
values. As a result, drift’s effects (yellow) on the frequency of species 1 are far stronger than 
biodiversity change (blue). I) Biodiversity change (blue) is, however, exactly equal to the 
combined effects of drift (yellow) and rarity changes (yellow).  
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Figure 5. Change in Shannon-Wiener diversity can be decomposed into the effects of 
multiple mechanisms on rarity. A) The frequency of two species in a single habitat patch 
subject to selection for species 2 and against species 1 (green).  In this patch immigration 
favours species 1. B) Over the course of the simulation biodiversity (blue) declines. C) This 
decline can be decomposed into immigration of individuals of the rarer species into the 
community (pink dashed line) counterbalanced by selection (yellow thick line) and rarity 
changes (grey line), all of which were measured using Equation 6. D) Frequency change for a 
community of species subject to drift and speciation. In this panel black lines represent 
species that were present initially (i.e. when time=800). Grey lines represent new species. E) 
In this case, total biodiversity change (blue) fluctuates around zero. F) Drift (yellow thick 
line) roughly mirrors this pattern with an increase in biodiversity due to speciation (brown 
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dashed line), which is counterbalanced by a decrease in biodiversity due to rarity changes 
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Table 1: Examples of diversity measures that reflect averages of rarity measures. Several 
such measures in include the exponent 2 which describes how sensitive a rarity measure is to 
changes in species’ frequency.  




Shannon Entropy   
Simpson’s concentration    
Gini-Simpson’s index   1  
HCDT entropy  1  1 1 
 
Reyni entropy  1  1
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